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ABSTRACT 
Rechargeable batteries that can charge and discharge at high rates have 
applications in hybrid and plug-in hybrid vehicles and they provide energy storages for 
wind energy. Various methods like reducing particle size, aliovalent doping and carbon 
coating have been researched in order to attain higher charge and discharge rates in 
rechargeable Li-ion batteries. In this work, the electrode materials were coated with 
amorphous films in an attempt to improve the rate capability of the batteries. 
A study by Kang and Ceder suggested that a Li4P2O7-like “fast-ion conducting 
surface phase” could form on the surface of LiFePO4 particles, which can improve the 
charging and discharging rates of these batteries to a great extent. This work 
demonstrates that these nanoscale surface films can indeed form spontaneously upon 
annealing; furthermore, they exhibit a self-selecting or “equilibrium” thickness, similar to 
those previously observed Luo et al. in simpler binary oxide systems. Similar nanoscale 
intergranular films have also been observed. These nanoscale surficial and intergranular 
films can be used to tailor nanoparticles for battery and other applications. 
In the second part of this study, LiMn2O4 particles were coated with Li4P2O7 or 
Li3PO4 particles.  Then, coin cells and Swagelok cells were constructed to test these 
materials. It was found that amorphous Li4P2O7 formed non-uniform coatings on 
LiMn2O4 particles, but such coatings deteriorated the electrochemical properties of 
LiMn2O4. Furthermore, Li3PO4 coatings also deteriorated the electrochemical properties, 
but to a less extent. The electrochemical performances of the coated samples showed a 
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dependency on the amount of Li3PO4. Additionally, it was found that HEBM decreased 
the capacity of LiMn2O4 by ~15%, more than half of which could be recovered by 
annealing. 
In the third part of this study, the effect of particle size and V2O5 coatings on the 
electrochemical properties of anatase anodes was studied. The small increase in particle 
size did not affect the cell performance at low rates, while the particles with smaller size 
performed better at high rates. Nanoscale V2O5 coatings also deteriorated the 
electrochemical properties by reducing the capacity, especially at higher rates. At high 
loading levels, V2O5 participated and contributed to the total capacity in the first few 
cycles. Crystalline rutile and V2O5 phases were present in TiO2 with 18 wt. % V2O5, 
which further deteriorated the capacity.  
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CHAPTER 1 
INTRODUCTION 
Li-ion batteries are a type of rechargeable (secondary) batteries. Due to their low 
self-discharge and high energy-to-weight ratio, they are the most preferred batteries in 
portable electronic devices such as cell phones and laptops. They are also candidates for 
uses in hybrid electric vehicles (HEV) and plug-in hybrid vehicles (PHEV). These 
applications require the batteries to have a combination of high energy density and high 
rate capabilities. 
Rate capability of a cell depends on the internal resistance of the cell, which in 
turn depends on the transport of electrons and ions in the components of the cell. More 
specifically, internal resistance is a combination of electrolyte resistance, interface 
resistance between the electrolyte and the electrodes, the resistance of the electrode 
materials, and the resistance between the current collectors and the electrodes. Any 
structural, chemical or interfacial changes to the electrode will affect some parts of these 
resistances. 
Modification of electrode properties by coating is an important method to achieve 
improved electrochemical performance [1]. The coatings prevent the direct contact of the 
electrode surface with the electrolyte solution and suppress the dissolution of the cations 
in the solution [1]. The coating may also improve ionic transport in the electrode [2] or 
reduce concentration polarization in the electrolyte [3].  
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Glassy lithium phosphates are known to be good ionic conductors for fast Li+ 
diffusion [4]. In the first part of our work, we have tried to exploit this nature of lithium 
phosphate and pyrophosphate by creating coatings of these glasses on the surfaces of 
oxide particles of two cathode materials. The latter part of this thesis investigated the 
effects of V2O5 based surface coatings on anatase anodes.  Amorphous V2O5 thin films 
for applications as electrodes have been studied for over a decade and shown to exhibit 
negligible capacity loss over large number of cycles [5]. This is based on a prior work 
which showed that equilibrium V2O5–based surficial amorphous films (SAFs) of self-
selecting thickness can created on anatase particles by wet-impregnation methods [6,7]. 
A review of the relevant literature is given in Chapter 2. Chapter 3 demonstrates 
that nanoscale amorphous surface films of Li4P2O7, exhibiting self-selecting or 
“equilibrium” thickness can be formed on LiFePO4. Chapter 4 details the procedures for 
the construction of electrodes and assembly of coin cells and Swagelok cells. 
Subsequently, Chapter 5 discusses the effects of coating glassy Li4P2O7 and Li3PO4 on 
LiMn2O4. Chapter 6 describes a preliminary study of the effects of V2O5-based 
equilibrium-thickness SAFs on anatase anodes. The key results of this thesis are 
summarized in Chapter 8. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Batteries 
An electrical battery consists of one or more electrochemical cells that convert 
stored chemical energy into electrical energy. Batteries can be roughly classified into 
primary (disposable) batteries and secondary (rechargeable) batteries. 
2.2 Secondary Lithium-ion Cells 
2.2.1 Properties and Terminologies 
Capacity: The capacity () of a battery is the product of the current drawn from the 
battery () and the number of hours () and is given by 
C = A	 × 	t                                                       (1) 
Specific capacity: Specific capacity (, mAh/g) of an active material is the amount of 
current that can be drawn from one gram of the material in one hour of time. 
Discharge curve:  A discharge curve is a plot of the voltage against the capacity 
discharged. A flat discharge curve is desired as this suggests that the voltage remains 
constant as the battery is used up [1]. 
Discharge time: Cell discharge time is the duration for which the cell delivers a voltage 
above the threshold value when a completely charged cell is discharged. 
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Discharge rate: Discharge rate ( − ) is the reciprocal value of the cell discharge 
time and is given by [2] 
 −  = 	 		                                          (2) 
Rate capability: Rate capability is the maximum C-rate at which the electrode delivers at 
least 80% of the maximum possible charge [3]. 
Cycle life: Cycle life is the achievable number of cycles or the lifetime of a battery and is 
described as the number of charge-discharge cycles the battery can be subjected to, 
before it reaches the lower limit (defined as failure) of capacity [2]. 
Open circuit voltage (OCV): OCV is the voltage between the terminals of a battery when 
no electrical load is applied. 
Nominal voltage: Nominal voltage is the reported voltage of a battery. 
Cut-off voltage: Cut-off voltage is the minimum allowable voltage below which a battery 
can be described as “empty”. 
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2.2.2 Components of a Lithium-ion Cell 
 
Figure 2.1: A schematic of an electrochemical cell. 
Cathode: A cathode is the positive electrode that accepts electrons from the external 
circuit when reduced during discharge. It comprises of an active cathode material and a 
current collector used for support and for current collection [4]. A few commonly used 
cathode materials are LiFePO4, LiMn2O4, Li2FeSiO4, LiCoO2, etc. 
Anode: An anode is the negative electrode that supplies electrons to the external circuit 
when oxidized during discharge [4]. A few commonly used anode materials are lithium 
metal, graphite, TiO2, Li2TiO3, etc. 
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Electrolyte: The electrolyte furnishes ions for conductance between the anode and the 
cathode, thus completing the circuit internally [4]. 
Separator: A separator electrically isolates the cathode and the anode inside the cell [4]. 
2.3 Cathode Materials 
Cathode materials for a Li-ion battery should possess the following properties [5]: 
 A reversible reaction with lithium 
 Structural stability during insertion/de-insertion 
 High energy density 
 High electronic and Li+ ion conductivity 
 No reaction with the electrolyte during charging and discharging 
 Low cost and environmentally friendly 
2.3.1 Lithium Iron Phosphate (LiFePO4) 
LiFePO4 proposed by Goodenough et al. has an ordered olivine-type structure and 
consists of hexagonal closed-packing (HCP) of oxygen atoms with Li+ and Fe2+ cations 
located in half of the octahedral sites and P5+ cations in 1/8th of the tetrahedral sites [5]. It 
has a theoretical specific capacity of 170 mAh/g [5]. The electrochemical reaction 
occurring in LiFePO4 is 
FePO4 + Li
+ + e-  LiFePO4                                      (3) 
LiFePO4 is one of the most attractive cathode materials because of its high 
stability, high compatibility with environment, and low cost. However, the low electronic 
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and ionic conductivity in LiFePO4 is a drawback since it leads to initial capacity loss and 
poor rate capability. [5] The electronic conductivity of LiFePO4 (10
-9 S/cm) is much 
lower than that in LiCoO2 (~10
-3 S/cm) [5]. Attempts have been made to overcome this 
problem by conductive - carbon coating [6], aliovalent doping [7], reducing the particle 
sizes [8], and by coating a conductive glass layer of Li4P2O7 on the surface of the 
particles [9]. 
The arrangement of atoms in LiFePO4 results in one-dimensional tunnels through 
which Li+ ions can travel [10]. Li+ ions residing in one tunnel cannot readily jump to 
another tunnel, resulting in one-dimensional lithium ion diffusion [10]. The value of 
chemical diffusion co-efficient of lithium, calculated by Prosini et al. [10], was found to 
be as low as 1.8 X 10-14 cm2/s for LiFePO4 and 2.2 X 10
-16 cm2/s for FePO4. Recently, 
Kang and Ceder [9] reported that the formation of Li4P2O7-like “fast-ion conducting 
surface phase” in off-stoichiometric LiFePO4 could help achieve high rate capabilities. 
Figure 2.2 shows a comparison of discharge at high C-rates for LiFePO4 and 
LiFe0.9P0.95O4-δ with similar particle sizes. 
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Figure 2.2: Discharge at various rates (200C, 400C and 600C) for ball-milled LiFePO4 
and LiFe0.9P0.95O4-δ with similar particle sizes. The electrode comprised of 65 wt% active 
material, 30 wt% carbon and 5 wt% binder [9].  
2.3.2 Lithium Manganese Oxide (LiMn2O4) 
LiMn2O4 has a spinel structure with Li occupying the tetrahedral sites, Mn 
occupying the octahedral sites [11]. The cubic [Mn2]O4 framework can isotropically 
expand and shrink upon lithium insertion and de-insertion resulting in high reversibility 
[5]. The theoretical specific capacity of LiMn2O4 is 148 mAh/g. The lithium insertion/de-
insertion in LiMn2O4 can be described by the following equation: 
Li1-xMn2O4 + xLi
+ + xe-  LiMn2O4                                                           (4) 
LiMn2O4 is thermally stable, cost effective and environmentally friendly making 
it a promising cathode material in Li-ion batteries [12]. Its electronic conductivity of ~10-
10 
 
6 S/cm causes it to possess poor rate capability [13]. Coating the particle surface with 
conductive material such as Ag and co-doping using cobalt have been shown to improve 
the rate capability [5]. 
Coatings on LiMn2O4 
LiMn2O4 electrodes suffer from severe capacity fading [14] owing to Jahn-Teller 
distortion due to Mn3+ ions, dissolution of manganese ions into the electrolyte, loss of 
crystallinity during cycling and electrolyte decomposition at high potentials. Surface 
modification [15] by coating with electrochemically inactive metal oxides is considered 
to be an attractive way to prevent a few of the previously mentioned problems. A lot of 
efforts have been taken to improve the cycling stability and rate capability of LiMn2O4 by 
coating the particles with films of metal oxides and fluorides. ZnO [16], SiO2 [17], AlF3 
[18], SnO2 [19], Al2O3 [20], ZrO2 [21], CeO2 [22], MgO [23] have been coated on to the 
surface of LiMn2O4 by various techniques to successfully demonstrate improved 
cycleability. These coatings prevent the direct contact of the electrode with the electrolyte 
and thereby decreasing the solid electrolyte interfacial (SEI) resistance and electron 
transfer resistances [14]. Improvement of electrochemical performance due to 
suppression of Mn2+ dissolution into the electrolyte was observed in Cr2O3-coated 
LiMn2O4 [24]. 
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2.3.3 Lithium Iron Orthosilicate (Li2FeSiO4) 
Introduced by Nyten et al., [25,26] in 1995, Li2FeSiO4 is environmentally benign 
and has a theoretical specific capacity of as high as 166 mAh/g based on the following 
reaction: 
Li2FeSiO4  LiFeSiO4 + Li
+ + e-                                                       (5) 
Although it has a high cyclic stability, its poor conductivity resulting from the low 
electronic conductivity and the slow diffusion of Li+ ion in the structure, have posed a 
bottleneck in its application as cathodes in commercial Li-ion batteries [27]. It has been 
shown that the structure, and as result, the kinetics of this cathode change during the first 
few cycles altering the Li+ diffusion pathways [28]. Efforts are being made to improve its 
conductivity by conductive carbon coating [29,30], aliovalent doping [31] and nano-
architecturing [32]. Various synthesis techniques like solid-state method [25,33], sol-gel 
method [29], hydrothermal process [29] have been explored for synthesizing phase pure 
Li2FeSiO4. 
2.4 Anode Materials 
2.4.1 Titanium dioxide (TiO2) 
TiO2 anatase is an interesting battery material because of its high theoretical 
specific capacity of about 330 mAh/g [34]. It can take up to 0.5 Li per formula unit in 
most cases, reducing its useable specific capacity to about half of the theoretical value 
[35]. Anatase TiO2 is a fast Li
+ insertion and de-insertion host making it suitable for high 
power applications [35]. The intercalation mechanism in TiO2 anatase is widely studied 
12 
 
both theoretically [36] and experimentally [37]. The Li+ insertion/de-insertion in anatase 
can be described by the following equation [35]: 
TiO2 + xLi
+ + xe- LixTiO2                                                                      (6) 
Upon insertion, TiO2 gets transformed into a two-phase mixture constituting the Li-poor 
Li0.05TiO2 phase and the Li-rich Li0.5TiO2 phase [38]. The Li
+ ions are randomly 
distributed over half of the available interstitial octahedral sites, causing the experimental 
specific capacity to be reduced to half of the theoretical value, i.e., 165 mAh/g [35]. 
Effect of particle size 
For practical applications, the extent to which the Li+ ions can insert into the 
anatase structure and the speed at which the insertion/de-insertion occur are important. 
Developing electrodes using nano-sized materials is one way of dealing with this problem 
[39]. Recently, nanostructured anatase electrodes [34] have been explored because of the 
shorter length through which Li+ ions and electrons have to diffuse and also the increased 
contact between the electrode and the electrolyte. Also, it has been observed that nano-
sized anatase electrodes offer better accommodation to Li+ ions as compared to their 
micro-sized counterparts [35].  
Coatings on TiO2 
Apart from reducing the particle size to nanoscale, various coatings have been 
tried on anatase to enhance its rate capability and capacity. Rahman et al.,[40] coated 
anatase nanotubes with Ag via a silver mirror reaction. They claimed that the addition of 
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Ag film enhanced the electronic conductivity, resulting in high discharge capacity and 
improved cycling stability of these nanotubes. It was speculated that silver being a 
conducting metal, formed a conducting matrix, thereby improving the conductivity of the 
anode. Recently, Kim et al., [41] claimed that V2O5-coated rutile anodes performed better 
than the uncoated rutile anodes at high C-rates, owing the improved properties to the 
V2O5 film that formed “fast Li-ion diffusion pathways”.  
Previously, Qian et al., [42,43] created vanadia (V2O5) films on anatase (TiO2) by 
a wet-impregnation method for improved catalytic properties. They successfully 
demonstrated a thermodynamically stable SAF on TiO2 anatase nanoparticles and showed 
that the thickness of these SAFs were highly dependent on temperature and composition. 
They also showed that a SAF of ~1 nm thickness was stable even at room temperatures 
when a certain composition of V2O5-TiO2 mixture was annealed at 600 
oC for 4 hours. In 
our work, we exploited the dependency of film thickness on composition to create V2O5 
SAFs of two different thicknesses and explored their effect on the electrochemical 
properties of anatase anodes.  
2.5 Surficial Amorphous Films and Intergranular Films 
Surficial amorphous films (SAFs) are impurity-based nanoscale quasi-liquid films 
formed on the surface of particles. Their counterparts formed at the grain boundaries are 
called intergranular films (IGFs). Stabilization of these SAFs and IGFs can be considered 
to be a type of wetting phenomena [44]. Nanoscale wetting occurring when the phase that 
does the wetting is not yet a stable bulk phase is termed as prewetting [45]. Recently, 
Dillon et al., [46,47,48] identified these multiple “interfacial phases” (termed as 
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“complexions”). These SAFs may be considered as the free surface counterparts to the 
Dillon-Harmer complexion V (IGFs) and complete wetting surface films will be 
complexion VI. 
 
Figure 2.3: Representative HRTEM images showing equilibrium thickness Bi2O3-
enriched SAF and IGF in Bi2O3 – doped ZnO [49]. 
SAFs and IGFs have been widely observed in metals and oxide systems [44,49]. 
Figure 2.3 shows representative HRTEM images of SAF and IGF in Bi2O3-ZnO system. 
Although SAFs are called so, a partial ordering exists in these films. SAFs and IGFs have 
the following properties [44]: 
 Impurity-based 
 Self-selecting or equilibrium thickness 
 Large structural disorder 
 Average film composition that is different from the bulk 
 Reversible temperature dependence of film thickness 
 Thickness virtually identical for different specimens prepared under same 
conditions 
 Thickness independent of the fraction of excess secondary phase 
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 Thickness that can be altered by changing temperature and bulk chemical 
potential 
 IGF thickness almost constant at a given grain boundary (GB) and varies from 
one GB to another 
2.6 High energy ball milling 
High energy ball milling (HEBM) is a versatile technique for producing nano-
structured materials. Its advantages include easy control of composition and production 
of relatively large amount of samples [50]. It comprises of a complex mixture of 
grinding, fracturing, intimate mixing, cold welding, high-speed plastic deformation, 
thermal shock etc. [51]. High energy ball milling is accompanied by the production of a 
large number of structural defects [52] which could adversely affect the electrochemical 
properties of the material synthesized. 
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CHAPTER 3 
SURFACE ADSORPTION AND DISORDERING IN LiFePO4 
BASED CATHODES 
3.1 Background and Motivation 
Olivine LiFePO4 is a promising cathode material for use in Li-ion batteries, which 
are being increasingly used in electric and hybrid vehicles, laptops, cellphones etc. 
Although it is an inexpensive material and is environmentally safe, its low electronic and 
ionic conductivity has hindered its applications in Li-ion batteries. Li+ ion diffusion 
occurs only in 1-D along the [0 1 0] direction (Figure 3.1). The problem of low electronic 
conductivity has been tackled by coating the surface of LiFePO4 particles with 
conductive carbon [1]. Previously, reduction of particle size to nano-size [2] and 
aliovalent doping [3] have been tried to improve Li+ conductivity in the material. In 
March 2009, Kang and Ceder [4] reported that a surface film (Figure 3.1) of Li4P2O7-like 
“fast ion conducting phase” in off-stoichiometric LiFePO4 could help achieve ultrafast 
charging and discharging of a full battery.  This work was later questioned by Zaghib et 
al. [5] who commented that there was no reason to believe that Li4P2O7 impurity would 
coat the LiFePO4 particles. Instead, it would stick on the surface as nano particles. 
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Figure 3.1: A schematic of a LiFePO4 particle showing the [0 1 0] direction along which 
Li+ diffusion occurs and a “Li4P2O7-like” glassy “fast ion conducting surface phase”. 
Thermodynamically, a   phase may spontaneously coat on the surface of α 
particle if replacing a “clean”   surface of surface energy, !"#$% , with a   surface of 
surface energy, !&, and an  −  interface with interfacial energy, !"&, lowers the total 
interfacial energies 
∆γ ≡ 	γ* +	γ,* −	γ,#$%                                             (1) 
Several relevant nanoscale wetting phenomena may occur. Firstly, a nanoscale metastable 
-like phase of thickness - can be thermodynamically stabilized on the surface of   if 
 −∆γ . 	∆G0 ∙ -                     (2) 
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where, ∆2345 is the volumetric free energy penalty to form the metastable  phase. Also, 
if the surface  film is nanometer-thick, short-range, vdW dispersion, electrostatic and 
other interfacial interactions may arise [6,7]. A phenomenological model for the excess 
surface energy can be written as [6,7] 
G6#h% = 	 γ* + γ,* + ∆G0 ∙ h + σ9#h% + σ0:#h% + σ#h% + ⋯     (3) 
Gradually, this -like film will adopt an equilibrium thickness (-<=) that minimizes (Eq. 
3) [producing !" 	≡ 	2>?-<=@ < 	 !"#$%]. The adjacent   phase can significantly modify 
the structure and properties of this nano-scale -like film. 
“Equilibrium-thickness” SAFs have been observed for Bi2O3 on ZnO and other 
binary oxides [6]. The thermodynamic stability of these SAFs can be very different from 
the bulk liquid or glass phase, and their presence could enhance transport. Recently, Tang 
et al., [8] in their modeling work, suggested that SAFs could form on LiMPO4 (M = Fe, 
Mn, Co and Ni) and could affect battery properties. 
Following the ‘A’ direction in Figure 3.2, poorly crystallized lithium 
pyrophosphates were introduced in our samples (LiFe1-2yP1-yO4-δ). In this work, the 
compositions were varied along ‘A’-direction (y = 0.5, 0.1, 0.2) in order to study the 
effect of nominal volume fraction of Li4P2O7 on the thickness of SAF. 
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Figure 3.2: Calculated Li-Fe-P ternary phase diagram equilibrated with an oxygen 
potential under reducing conditions at 600 oC [4]. The ‘A’ arrow indicates off-
stoichiometry induced in the samples described in this work. 
3.2 Objectives 
In this work, we tried to answer the following questions: 
 Does Li4P2O7 form a uniform nanoscale coating on the surface of LiFePO4 
particles? 
 Is this film formation spontaneous? 
 Does this film have equilibrium thickness? 
 How does the film thickness depend on the chemical composition of the sample? 
 How does the film thickness depend on the annealing temperature? 
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3.3 Experimental: 
3.3.1 Solid-state synthesis of stoichiometric and off-stoichiometric 
LiFePO4 powder: 
Raw materials, Li2CO3 (99.998%, Alfa Aesar), FeC2O4.2H2O (99.999%, Alfa 
Aesar) and NH4H2PO4 (98%, Alfa Aesar) were weighed according to stoichiometry 
(Table 3.1). The mixture was subjected to HEBM (SPEX 8000) for one hour (in five 
sessions of 10 minutes each) in a stainless steel vial using acetone as a medium. The 
mixtures were calcined in argon at 350 oC for 10 hours and isothermally annealed at 
600oC for 10 hours. The cooled powder was ground using mortar and pestle and stored in 
a desiccator. 
Table 3.1: Sample names and the corresponding nominal vol% Li4P2O7 present in them. 
Sample Nominal vol% Li4P2O7 
LiFe0.9P0.95O4-δ 5.2 
LiFe0.8P0.9O4-δ 10.9 
LiFe0.6P0.8O4-δ 24.7 
 
3.3.2 X-ray diffraction (XRD): 
XRD powder characterization was carried out using Scintag IV diffractometer 
(Cu-Kα radiation, λ = 1.5418 Å). XRD spectra were used for phase identification. 
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3.3.3 High-Resolution Transmission Electron Microscopy (HRTEM): 
The powder sample was dispersed in isopropanol using a sonicator. 3 – 5 drops of 
the suspension were dropped on a C-coated copper TEM grid and dried overnight in a 
desiccator. HRTEM was carried out using a Hitachi 9500 microscope (300 kV; LaB6 
single crystal electron source). Minimum exposure was used during HRTEM to avoid 
damage due to electron beam. HRTEM images were recorded using a high resolution 
(2K) CCD digital camera. 
3.4 Results and Discussion 
In stoichiometric LiFePO4 annealed at 600 
oC, seven out of ten surfaces that could 
be clearly imaged using HRTEM showed SAFs that were 0.6 – 1 nm thick (Figure 3.3(a)) 
while the remaining three surfaces appeared to be clean and had films that were less than 
0.3 nm thick (Figure 3.3 (a) and (b)). In the LiFe0.9P0.95O4-δ annealed at 600 
oC, HRTEM 
images (Figure 3.3 (c) and (d)) showed SAFs on all 16 surfaces and the average film 
thickness was 2.37 nm. When the nominal volume fraction of Li4P2O7 was increased 
beyond 5.2%, the film thickness appeared to level-off (Figure 3.4) indicating a self-
selecting or equilibrium thickness. Some kinetic limitations to equilibration must exist.  
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Figure 3.3: Representative HRTEM images of the surfaces of LiFePO4 (a) and (b) and 
LiFe0.9P0.95O4-δ (c) and (d) after the heat treatments. Reprinted from [9] with permission 
from American Institute of Physics. 
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Figure 3.4: A plot of measured film thickness versus the overall composition.  The x-axis 
represents the calculated vol. % of the Li4P2O7 phase.  Each black bar represents one 
measurement of an independent surface (which is an average thickness along that specific 
surface). The wider gray bars are the mean thicknesses for films on multiple surfaces of 
different particles, and the errors represent ± one standard deviation.  All specimens were 
annealed at 600 °C for 10 hours. Reprinted from [9] with permission from American 
Institute of Physics.  
Reversible temperature dependence of the film thickness demonstrated in Figure 
3.5 was studied by subjecting the calcined samples to three different heat treatments; one 
annealed at 400 oC for 10 hours, another annealed at 600 oC for 10 hours and the third 
annealed at 600 oC for 10 hours followed by annealing at 400 oC for ten hours. In the 
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sample annealed at 400 oC, the average film thickness was 1.12 nm. In the samples that 
were annealed at 600 oC, the average film thickness increased to 2.37 nm. In the third 
specimen, where the equilibrium was attained at 400 oC, approaching from a higher 
temperature, the average film thickness was reduced to 1.69 nm. Additionally, in the third 
sample, nanodrops (Figure 3.6 (b)) were observed in 3 out of 25 surfaces, which may 
have formed from the “bead up” of the initially thicker SAF. These nanodrops seemed to 
be characteristic for specimens in which equilibration was approached from higher 
temperatures. 
 
Figure 3.5: Reversible temperature dependence of film thickness for specimens with 
nominal composition LiFe0.9P0.95O1-δ. The heat treatment conditions are labeled. Each bar 
represents a measurement. Reprinted from [9] with permission from American Institute 
of Physics. 
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The presence of relatively uniform SAFs on most of the observed surfaces implies 
that Eq. 1 holds (∆ γ < 0). Since crystalline Li4P2O7 phase was detected by XRD 
(APPENDIX I) in LiFe0.6P0.8O4-δ, it can be speculated that the film thickness was limited 
by the volumetric free energy term ∆Gvol.h in Eq. 3 [6]. The observation (Figure 3.5) that 
the film is thinner at lower temperatures when the ∆Gvol is higher further supports this 
argument. 
Li4P2O7-like SAFs were also found in stoichiometric LiFePO4 specimens (Figure 
3.3 (a) and (b)) without the presence of a bulk Li4P2O7 phase. This suggests an analogy to 
the phenomenon of prewetting [10], which refers to nanoscale wetting occurring when 
the phase (Li4P2O7) that does the wetting is not yet a stable, bulk phase (if (Eq. 2) holds). 
The film thickness increases with reducing Fe activity, but it levels off (Figure 3.4) after 
a secondary bulk Li4P2O7 phase precipitates (APPENDIX I). This shows that the 
equilibrium thickness depends on the chemical potential instead of the overall phase 
composition. These observations can be explained as a case of coupled surface 
prewetting and premelting from a generalized Cahn model [11].  
Intergranular films (IGFs) were also found (Figure 3.6 (a)) between LiFePO4 
particles which could serve as additional pathways for “fast Li-ion conduction”. Similar 
IGFs have been widely observed in ceramics and metals [7,12] where they often control 
transport kinetics and properties [7]. 
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Figure 3.6: Two selected HRTEM images of particle surfaces in a LiFe0.9P0.95O4-δ 
specimen that was annealed at 600 °C for 10 hours and then 400 °C for 10 hours. 
Reprinted from [9] with permission from American Institute of Physics. 
3.5 Conclusions 
 Successfully demonstrated that the fast ion-conducting surface phase on LiFePO4 
particles observed by Kang and Ceder [4] are SAFs of self-selecting thickness. 
 Similar IGFs were observed between LiFePO4 particles. 
 The thickness and structure of these SAFs and IGFs can be systematically tailored 
by changing the chemical composition, process temperature and by using metal 
dopants [6,7]. 
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 These nanoscale SAFs and IGFs can be utilized to modify the electronic, ionic 
and thermodynamic properties and fabrication protocols of oxide nanoparticles 
for battery applications.[13]. 
 
 
 
 
 
 
 
 
 
 
 
  
31 
 
References  
[1] N Ravet, Y Chouinard, JF Magnan, S Besner, M Gauthier, M Armand. J.Power 
Sources 97-8 (2001) 503.  
[2] M Gaberscek, R Dominko, J Jamnik. Electrochemistry Communications 9 (2007) 
2778.  
[3] SY Chung, JT Bloking, YM Chiang. Nature Materials 1 (2002) 123.  
[4] B Kang, G Ceder. Nature 458 (2009) 190.  
[5] K Zaghib, JB Goodenough, A Mauger, C Julien. J.Power Sources 194 (2009) 1021.  
[6] J Luo, Y Chiang. Annual Review of Materials Research 38 (2008) 227.  
[7] J Luo. Critical Reviews in Solid State and Materials Sciences 32 (2007) 67.  
[8] M Tang, H- Huang, N Meethong, Y- Kao, WC Carter, Y- Chiang. Chemistry of 
Materials 21 (2009) 1557.  
[9] A Kayyar, H Qian, J Luo. Appl.Phys.Lett. 95 (2009) 221905.  
[10] JW Cahn. J.Chem.Phys. 66 (1977) 3667.  
[11] J Luo, M Tang, RM Cannon, WC Carter, YM Chiang. Materials Science and 
Engineering A-Structural Materials Properties Microstructure and Processing 422 
(2006) 19.  
[12] VK Gupta, D Yoon, Meyer,Harry M.,,III, J Luo. Acta Materialia 55 (2007) 3131.  
[13] J Luo. Current Opinion in Solid State & Materials Science 12 (2008) 81.  
 
 
  
32 
 
CHAPTER 4  
CELL CONSTRUCTION AND ELECTROCHEMICAL 
TESTING 
4.1 Cell Construction: 
Most coin cells and Swagelok cells follow the same basic layout in their 
construction as described subsequently. The sizes of the electrode and the amount 
of active material loaded on to the electrode could vary depending on the need. 
4.1.1 Working electrode preparation: 
 A mixture of ~6 wt. % polyvinylidene fluoride (PVDF, Sigma Aldrich, 182702) 
binder in N-methyl-2-pyrrolidone (NMP) was prepared and stored. 
 80 wt. % active material, 10 wt. % C black (acetylene, 99.9+%, Alfa Aesar; 42 
nm) were weighed and mixed in a vortex (VWR mini-vortex MV1) for 1 min. 
 NMP-binder mixture was added such that PVDF was 10 wt. %.   
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 The above mixture was transferred into a small glass vial and mixed in the vortex 
mixer at maximum rpm for about 30 min as shown in Figure 4.1. Two zirconia 
balls of 5 mm diameter were used as media for better mixing. More NMP was 
added as needed in order to obtain slurry of required consistency. 
 
Figure 4.1: Slurry preparation using a vortex mixer showing a glass vial containing a 
mixture of active material, C-black, PVDF and NMP. 
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 A metal (aluminum in the case of LiMn2O4 and copper in the case of TiO2) foil 
current collector was spread on to a glass plate. Acetone was used to ensure that 
there were no air bubbles between the foil and the glass plate. Two layers of 
masking tape were used to form a track and define the region to be coated (Figure 
4.2). 
 
Figure 4.2: A metal foil showing the region to be coated. 
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• The slurry was applied on to the metal foil using a stainless steel spatula 
(Figure 4.3) and spread uniformly on to the track using a razor blade (Figure 
4.4). Figure 4.5 shows the finished wet coating. The initial thickness of the 
wet coating was approximately 120 µm. This step was performed in air. 
 
 
Figure 4.3: Applying the slurry onto the metal foil. 
 
Figure 4.4: Coating the slurry onto the metal foil using a razor blade. 
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Figure 4.5: Finished wet coating. 
 The coating along with the glass plate was dried in vacuum at 120 oC for about 8 
hours. Figure 4.6 shows the dried coating. 
 
Figure 4.6: Dried coating. 
Note: The amount of NMP that is added to the slurry in the preparation stage 
plays a crucial role in determining the properties of the final dried coating. 
Excess NMP can result in a cracked coating (Figure 4.7) and insufficient NMP 
can result in a porous coating (Figure 4.8). Both these cases will cause the loose 
powder to fall off thereby resulting in loss of active material.  
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Figure 4.7: Dried coating from slurry that had excess NMP. 
 
Figure 4.8: Dried coating from slurry that had insufficient NMP. 
 The coated metal foil was placed between two steel plates (and two weighing 
papers to protect the coating) as shown in Figure 4.9 and pressed under a load of 
3000 lb using a hydraulic press.  
 
Figure 4.9: The dried coating placed on the stainless steel plate for pressing. 
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 It was then punched into discs of 8 mm in diameter as shown in Figure 4.10. The 
punched discs are shown in Figure 4.11. The cathodes were then weighed and 
wrapped in aluminum foil before being transferred into the glove box. 
 
Figure 4.10: Punching the dried coating into discs (electrodes). 
 
Figure 4.11: Punched electrode discs. 
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 Uncoated metal foil of the same material was also punched into discs of 8 mm in 
diameter and weighed. 
4.1.2 Electrolyte: 
 Electrolyte used was LiPF6 in 1M EC:DEC:DMC (1:1:1) that was purchased from 
MTI Corporation. 
 As the electrolyte is photosensitive, it was stored in a Nalgene bottle wrapped by 
an aluminum foil. 
4.1.3 Counter electrode preparation: 
 The surface of lithium foil was cleaned using a nylon brush/stainless steel scalpel 
until a shiny silvery surface appeared. This was to make sure that there was no 
black oxide/nitride on the foil. 
 It was then punched into discs of ½ inch diameter and handled using plastic 
tweezers. – These steps were carried out in the Ar glovebox. 
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4.1.4 Coin cell assembly: 
 Figure 4.12 shows a schematic of coin cell construction. 
 
Figure 4.12: Schematic of coin cell construction. 
 Celgard C480 membranes were punched into discs of 19 mm diameter that were 
used as separators. 
 The coin cell cases (CR2032), springs and spacers (purchased from MTI Corp.), 
separators and working electrodes were transferred into the glove box, flushing 
the exchanger five times with argon. 
 The coin cells were assembled in the glove box. 
 
 
Pressure 
Cell cup 
Cathode 
Separators 
Anode 
Spring 
Cell cap 
Electrolyte 
Gasket 
Spacer
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 Two drops of the electrolyte was dropped on the cell cup and the cathode was 
placed on it. Another three drops of the electrolyte was added and two separators 
with two drops of electrolyte between them were placed over it. Two more drops 
of the electrolyte were added before the lithium counter electrode was placed on 
it. Two stainless steel spacers and a spring were placed on the lithium disc.  
 The cell was closed using the cell cap and crimped 3-4 times using the compact 
crimping machine (purchased from MTI Corp.) shown in Figure 4.13. 
 
Figure 4.13: Compact crimping machine purchased from MTI that was used for crimping 
coin cells. 
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 The finished cell after crimping is shown in Figure 4.14. After assembly, the cell 
was handled only using plastic tweezers. 
 
Figure 4.14: Crimped coin cell ready for testing. 
Note: Crimping is essential while constructing coin cells in order to ensure air-tight 
sealing. The electrolyte and the lithium electrode used in the coin cells are very sensitive 
to moisture and cause the cells to fail if they come in contact with moisture. Figure 4.15 
compares the un-crimped and not-so-well crimped cells with the well crimped coin cell. 
In the case of badly crimped coin cells, the lithium electrode reacted with moisture 
causing it to expand and forcing the cell to open up.  
 
Figure 4.15: Comparison of un-crimped, badly crimped and well crimped cells. 
 The excess electrolyte leaking from the sides of the cell was cleaned using a paper 
napkin. 
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 After assembly, the cell was kept in the open circuit voltage (OCV) mode for an 
hour before testing.  
4.1.5 Swagelok cell assembly: 
 The parts of a Swagelok cell shown in Figure 4.16 namely, two stainless steel 
rods, a stainless steel current collector, four Teflon sealings and Swagelok 
junctions along with working electrodes  were transferred into the argon glove 
box.  
 
Figure 4.16: Parts of a Swagelok cell. 
 The cells were assembled in the glove box. Figure 4.17 shows the schematic of a 
Swagelok cell. 
SS spacer 
SS rod 
Teflon sealings 
Swagelok junction 
SS spring 
Swagelok junction 
Swagelok junction 
SS rod 
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Figure 4.17: Schematic of Swagelok cell construction. 
 Two drops of the electrolyte was dropped on one of the ends of a stainless steel 
rod and the working electrode was placed on it. Another three drops of the 
electrolyte was added and two separators with two drops of electrolyte between 
them were placed over it. Two more drops of the electrolyte were added. The 
lithium counter electrode was placed on it.  
 
 
 
 
 
 
SS rod 
SS 
SS spring 
SS spacer 
Counter electrode 
Working electrode 
Separator
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 The stainless steel spacer was placed on the counter electrode and a spring was 
placed over it as shown in Figure 4.18. 
 
Figure 4.18: A Swagelok cell with a stainless steel spring placed over the spacer, ready to 
be sealed. 
 The cell was sealed using the second steel rod and Swagelok junctions. Figure 
4.19 shows a sealed Swagelok cell ready for testing. 
 
Figure 4.19: A sealed Swagelok cell ready for testing. 
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4.2 Electrochemical testing: 
Most of the electrochemical testing was carried out in Arbin BT2000 battery tester shown 
in Figure 4.20, while some others were carried out using Gamry G 750 Potentiostat. 
 
Figure 4.20: Battery testing equipment – Arbin BT2000. 
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4.2.1 Calculation of the capacity () of the electrodes: 
Weight of the electrode disc with current collector = B<C	
Weight of the uncoated current collector disc of the same diameter =	BDD 
Weight of electrode material, B<E is given by 
WGH =	WGI −	WJJ	                                            (1) 
Weight of active material in the electrode, BKE is given by 
WLH =	WGH	X	0.8                                              (2) 
Theoretical capacity for the electrode disc, 	<Cis given by 
CGI =	WLH	X	C                                                         (3) 
where  is the theoretical specific capacity of the active material. 
4.2.2 Sample battery testing results: 
For verification purposes, coin cells and Swagelok cells were made from as-purchased 
LiMn2O4 and LiFePO4 and tested at C/5 rate. The first charge and discharge profiles from 
these cells are shown in Figure 4.21 and Figure 4.22 where the specific capacity is plotted 
along the x-axis and voltage along the y-axis. 
48 
 
 
Figure 4.21: First charge and discharge curves from a coin cell and a Swagelok cell made 
from as-purchased LiMn2O4 cycled between 3 and 4.5 V at C/5 rate. 
 
Figure 4.22: First charge and discharge curves from a coin cell and a Swagelok cell made 
from as-purchased LiFePO4 cycled between 3 and 4.5 V at C/5 rate. 
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For verifying reproducibility, two cells were constructed using the same active 
material (3 wt% Li3PO4-coated LiMn2O4) and tested for the first twenty cycles. The cells 
were charged at C/5 rate and discharged at C/5 rate during the first ten cycles and at C 
rate during the next twenty cycles.  Figure 4.23 shows that the results were reproducible 
and the cells showed similar capacities even at varying C-rates. 
 
Figure 4.23: A plot comparing the discharge capacities for two cells constructed using the 
same active material (3 wt% Li3PO4-coated LiMn2O4). The cells were charged at C/5 
rate. The discharge rate was C/5 for the first ten cycles and C for the next ten cycles. 
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CHAPTER 5 
THE EFFECTS OF HIGH ENERGY BALL MILLING AND 
LITHIUM PHOSPHATE COATINGS ON THE 
ELECTROCHEMICAL PROPERTIES OF LiMn2O4 
5.1 Background and Motivation 
Li2O-P2O5 is a classical glass forming system [1]. Glassy lithium phosphates have good 
ionic conductivity for transporting Li+ ions [1]. It was found that glassy Li4P2O7 coatings 
improved the rate capability in LiFePO4 [2]. Furthermore, disordered Li3PO4 coatings 
improved the power density of LiCoO2 by 50% as compared to the uncoated LiCoO2 [3]. 
In this work, we explored the effects of Li4P2O7 coating (made by a sol-gel synthesis 
technique) and Li3PO4 coating (made by a solid-state synthesis technique) on the 
electrochemical properties of LiMn2O4. LiMn2O4 particles of size less than 250 nm were 
necessary for the study in order to observe the films under HRTEM. The powder that was 
purchased was about 8 µm in size. HEBM was used for reducing the particle size. A 
benchmark study was also carried out to compare the electrochemical properties of the 
as-purchased powder and the ball milled powder before and after annealing. 
5.2 Objectives 
Our objectives for this work were to answer the following questions: 
 Does HEBM deteriorate the electrochemical properties of LiMn2O4? Can the loss 
in properties be recovered by annealing? 
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 Does Li4P2O7 form uniform nanoscale coatings on the surfaces of LiMn2O4 
particles? 
 What is the effect of amorphous Li4P2O7 coatings on the electrochemical 
properties of LiMn2O4? 
 What is the effect of Li3PO4 coatings on the electrochemical properties of 
LiMn2O4? 
 Do the electrochemical properties vary with the amount of Li3PO4? 
5.3 Experimental 
5.3.1 Particle size reduction by HEBM 
About 4 g of as-purchased LiMn2O4 (Pred Materials) powder was subjected to HEBM for 
one hour in a silicon nitride vial using acetone as the medium. For study of annealing 
effects, ball milled powder was annealed at 600 oC for two hours. The samples that were 
annealed after ball milling will hereafter be referred to as annealed samples. 
5.3.2 Li4P2O7 coated LiMn2O4 made by a sol-gel synthesis 
technique 
Li2CO3 (99.998%, Alfa Aesar) and NH4H2PO4 (98%, Alfa Aesar) were stirred in DI 
water and a 1 M citric acid (C6H8O7, Alfa Aesar) solution was added until the solution 
became colorless. The solution was magnetically stirred until gel formation. Ball-milled 
LiMn2O4 powder was added to the gel and stirred until a uniform mixture was obtained. 
The mixture was dried in vacuum at 80 oC for eight hours and calcined at 600 oC for ten 
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hours in argon atmosphere and air quenched. Uncoated, ball-milled LiMn2O4 annealed at 
600 oC for two hours were used as reference samples for comparison. 
 
5.3.3 Li3PO4 coated LiMn2O4 by a solid-state synthesis technique 
A mixture of LiMn2O4 and Li3PO4 (99.99%, Alfa Aesar) powder in the varying 
proportions (Table 5.1) was subjected to HEBM for one hour using acetone as the 
medium. The powder was then fired at 850 oC for 30 minutes and air quenched. Uncoated 
LiMn2O4 powder was also treated similarly as a standard sample. 
Table 5.1: Sample names and the nominal weight% of Li3PO4 synthesized by HEBM and 
quenched from 850 oC after 30 minutes. 
Sample names Nominal wt. % Li3PO4 
LiMn2O4-0%Li3PO4-BM-850C30min 0 
LiMn2O4-2%Li3PO4-BM-850C30min 2 
LiMn2O4-3%Li3PO4-BM-850C30min 3 
LiMn2O4-4%Li3PO4-BM-850C30min 4 
LiMn2O4-5%Li3PO4-BM-850C30min 5 
 
5.3.4 High-Resolution Transmission Electron Microscopy 
(HRTEM) 
53 
 
Li4P2O7-coated LiMn2O4 powder sample was dispersed in isopropanol using a sonicator. 
3 to 5 drops of the suspension were placed on a C-coated copper TEM grid and dried 
overnight in a desiccator. HRTEM was carried out using a Hitachi 9500 microscope (300 
kV; LaB6 single crystal electron source). Minimum exposure was used during HRTEM to 
avoid damage due to electron beam. HRTEM images were recorded using a high 
resolution (2K) CCD digital camera. 
5.3.5 Electrochemical testing 
Coin cells were made as described in section CHAPTER 4 and tested between 3 and 4.5 
V. The charging was kept at C/5 rate. Discharge rate was increased (C/5, C, 2C, 5C, 10C) 
after every ten cycles. 
5.4 Results and Discussion 
Figure 5.1 shows the results of electrochemical cycling at C/5 rate between 3 and 4.5 V 
for the as-purchased LiMn2O4, ball-milled LiMn2O4 and ball-milled/annealed LiMn2O4. 
The as-purchased LiMn2O4 performed the best with a capacity of 104 mAh/g even in the 
40th cycle. Although high energy ball milling reduced the specific capacity by about 15%, 
the annealed sample had a capacity that was less than the as-purchased LiMn2O4 by only 
about 6%. This indicated that more than half of the capacity lost due to the introduction 
of defects during HEBM was recovered by annealing. Since the capacity of the ball-
milled samples after annealing was lower than the as-purchased sample only by about 
6%, it was concluded that HEBM technique did not deteriorate the electrochemical 
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properties of LiMn2O4 to a great extent. Hence, HEBM technique was used for particle 
size reduction in the subsequent steps. 
 
Figure 5.1: Discharge capacities of as-purchased LiMn2O4 (as-purchased), LiMn2O4 
subjected to one hour HEBM (HEBM-not annealed) and LiMn2O4 that was annealed 600 
oC for two hours after HEBM (HEBM-annealed). The cells were cycled between 3 and 
4.5 V at C/5 rate. 
Representative HRTEM images of Li4P2O7-coated and uncoated LiMn2O4 are 
shown in Figure 5.2. Li4P2O7 coated on LiMn2O4 particles as a disordered film. However, 
the film thickness varied from surface to surface and the films were not present on all 
surfaces. 
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Figure 5.2: Representative HRTEM images of surfaces of Li4P2O7 – coated LiMn2O4 
annealed at 600 oC for ten hours in argon atmosphere followed by air quenching (a), (b) 
and uncoated LiMn2O4 ball-milled for one hour and annealed at 600 
oC for two hours (c), 
(d). 
 
Figure 5.3: Discharge capacities of uncoated LiMn2O4 ball-milled for one hour and 
annealed at 600 oC for two hours and Li4P2O7 – coated LiMn2O4 annealed at 600 
oC for 
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ten hours in argon atmosphere followed by air quenching. The cells were cycled between 
3 and 4.5 V at C/5 rate. 
Figure 5.3 shows the results of electrochemical cycling at C/5 rate between 3 and 
4.5 V for the uncoated LiMn2O4 and LiMn2O4 coated with 5 wt. % Li4P2O7. The initial 
discharge capacity of the coated - LiMn2O4 was about 55 mAh/g which dropped to as low 
as 10 mAh/g after 20 cycles. The discharge capacity of the uncoated LiMn2O4 remained 
as high as 98 mAh/g even after 20 cycles indicating that Li4P2O7 coating drastically 
deteriorated the electrochemical performance of LiMn2O4. The reason for the observed 
deterioration could be speculated that some undesired reaction occurred on the surface of 
the particles during annealing. X-ray photoelectron spectroscopy of the surface of the 
material could be used to verify if the disordered phase in the surface film was indeed 
Li4P2O7. 
Solid-state technique was used for coating Li3PO4 on LiMn2O4 particles. These 
coated samples were subjected to electrochemical charge-discharge cycling between 3 
and 4.5 V. Figure 5.4 shows the first charge-discharge profile for these cells at C/5 rate 
where LiMn2O4-3%Li3PO4-BM-850C30min exhibited the maximum capacity of 115 
mAh/g. 
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Figure 5.4: First charge-discharge profiles for LiMn2O4-0%Li3PO4-BM-850C30min, 
LiMn2O4-2%Li3PO4-BM-850C30min, LiMn2O4-3%Li3PO4-BM-850C30min, LiMn2O4-
4%Li3PO4-BM-850C30min and LiMn2O4-5%Li3PO4-BM-850C30min. The cells were 
cycled between 3 - 4.5 V at C/5 rate. 
In order to test the cells for rate capability, they were cycled (Figure 5.5) at 
varying discharge rates (C/5, C, 2C and 5C to 10C), charge rates being C/5 for all cycles. 
A good coating should prevent direct contact of the active material with the electrolyte 
(form a continuous film), at the same time assist in Li+ transport. Knowing that glassy 
lithium phosphates are good Li+ conductors, a surface coating of glassy lithium 
phosphates are expected to improve the performance of Li-ion cells, especially at high 
rates. Although LiMn2O4-3%Li3PO4-BM-850C30min sample performed better than the 
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uncoated LiMn2O4 in the first cycle (Figure 5.5), this trend did not sustain beyond the 
third cycle. Against what was expected, surface modification failed to improve the 
cycling performance or the rate capability of LiMn2O4 samples. It can be speculated that 
a barrier to Li+ transport exists at the LiMn2O4-Li3PO4 interface and/or that Li3PO4 does 
not form a continuous film on the surface of LiMn2O4 particles. HRTEM imaging of the 
particle surface could help in verifying if Li3PO4 indeed forms a continuous surface film. 
Additionally, a dependency of the capacity on the amount of Li3PO4 present in the 
sample was observed (Figure 5.6). Among the coated samples, the sample with 3 wt. % 
Li3PO4 performed the best. This indicated that there is an optimum coating thickness at 
which the LiMn2O4 shows the maximum capacity. A similar dependency of the 
performance of LiMn2O4 on the amount of coating material was previously observed in 
SiO2-coated LiMn2O4 [4], CeO2-coated LiMn2O4 [5], etc. At higher rates, the 
performance of the coated samples deteriorated to a great extent except for the sample 
with 3 wt. % Li3PO4. The capacity of LiMn2O4-3%Li3PO4-BM-850C30min was only 
about 10% lower than the capacity of LiMn2O4-0%Li3PO4-BM-850C30min at 10C rate.  
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Figure 5.5: Cycling data for LiMn2O4-0%Li3PO4-BM-850C30min, LiMn2O4-2%Li3PO4-
BM-850C30min, LiMn2O4-3%Li3PO4-BM-850C30min, LiMn2O4-4%Li3PO4-BM-
850C30min and LiMn2O4-5%Li3PO4-BM-850C30min, all of them quenched from 850 
oC 
after 30 minutes. The cells were cycled between 3 - 4.5 V, charged at C/5 rate and the 
discharge rates were increased after every ten cycles (C/5, C, 2C, 5C and 10C). 
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Figure 5.6: Variation of discharge capacities with the amount of Li3PO4 present in the 
coated LiMn2O4 samples for the 10
th cycle. The cells were charged between 3 and 4.5 V 
at C/5 rate. 
5.5 Conclusions: 
 HEBM decreased the capacity of LiMn2O4 by about 15%, of which more than 
half was recovered after annealing. 
 Amorphous films of Li4P2O7 could be coated on LiMn2O4 but the films were not 
uniform and not present on all surfaces. 
 Li4P2O7 coating on LiMn2O4 made by a sol-gel synthesis deteriorated the 
electrochemical performance of LiMn2O4. 
 Li3PO4 coating on LiMn2O4 did not improve the electrochemical properties of 
LiMn2O4. 
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 A strong dependency of the electrochemical properties on the nominal amount of 
Li3PO4 was observed. Among the coated samples, the sample with 3 wt. % 
Li3PO4 performed better than the rest. 
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CHAPTER 6 
ELECTROCHEMICAL PROPERTIES OF TiO2 (ANATASE) 
WITH V2O5 (VANADIA) SAFs 
6.1 Background and Motivation 
Recently, V2O5 thin films have been explored for applications as cathodes in thin 
film batteries [1]. Garcia et al. [2] observed that Li+ transport into amorphous V2O5 was 
on par with that in fast <010> direction in crystalline V2O5. In a cathode composed of 
nanocrystalline V2O5 with amorphous V2O5 IGFs, Li et al. [1] conducted atomistic 
simulation and reported preferential diffusion of Li+ from the electrolyte into amorphous 
V2O5 IGFs. This work studied the effects of V2O5 amorphous films on the rate capability 
of TiO2 anodes.  Previously, Qian et al. [3,4] showed that quasi-liquid V2O5 surficial 
amorphous films (SAFs) of self-selecting thickness formed on the surfaces of TiO2. They 
also demonstrated that these films were thermodynamically stable. In this work, we used 
wet-impregnation technique used by Qian et al. [4] to create V2O5 SAFs of varying 
thicknesses and studied the effects of these films on the properties of TiO2 anodes at 
varying C-rates. 
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Figure 6.1: Representative HRTEM images of V2O5-based SAFs on TiO2 anatase 
particles in specimens with 7 wt% V2O5 (a) and 18 wt% V2O5 (b). These specimens were 
annealed at 600 oC for four hours [5]. 
6.2 Objectives 
During the course of this work, we tried to answer the following questions: 
 How does varying particle size affect the performance of TiO2 anodes at different 
C-rates? 
 How do V2O5 surficial films affect the capacities of TiO2 at different C-rates? 
 To what extent does V2O5 contribute to the capacity of the anode? 
6.3 Experimental 
TiO2 anatase particles (10 nm, 99.99% pure) were purchased from MTI 
Corporation and annealed at 250 oC for four hours to remove moisture. To obtain anatase 
particles of slightly larger sizes, the as-purchased particles were annealed at 600 oC for 
four hours. 
6.3.1 Creating V2O5 SAFs on anatase particles 
NH4VO3 purchased from Alfa Aesar was mixed with NH4OH to form an 
ammonium metavanadate solution. This solution was mixed with anatase and dried at 85 
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oC for about 24 hours. The mixture was then heated at 220 oC for three hours and 
calcined at 450 oC for three hours, after which the mixture was isothermally annealed at 
600 oC for four hours in closed containers and then air quenched.  
6.3.2 Particle size and phase determination 
X-ray diffractometry was carried out in Rigaku [Ultima IV] on these powder 
samples to determine particle sizes of anatase and phase transformations after various 
treatments. 
6.3.3 Electrochemical measurements 
Electrodes were prepared using TiO2-based active material and weighed. Coin 
cells were constructed using lithium metal discs as the counter electrode. The cells were 
galvanostatically charged and discharged between 1 – 3.5 V. All the cells were charged at 
C/5 rate but the discharge rate was increased after every 15 cycles (from C/5 and C to 
5C). The samples tested are listed in Table 6.1. 
 
 
 
 
 
 
66 
 
Table 6.1: Summary of treatments on TiO2 anatase with their sample names.  
Sample names Treatments 
TiO2-0%V2O5-250C4h Raw TiO2 anatase annealed at 250 
oC for four hours, 
no V2O5 
TiO2-0%V2O5-600C4h  Raw TiO2 anatase annealed at 600 
oC for four hours, 
no V2O5 
TiO2-7%V2O5-600C4h  TiO2 anatase with (nominal 7 wt% ) V2O5, heated at 
220 oC for three hours, calcined at 350 oC for three 
hours, annealed at 600 oC for four hours and air-
quenched 
TiO2-18%V2O5-600C4h TiO2 anatase with (nominal 18 wt% ) V2O5, heated at 
220 oC for three hours, calcined at 350 oC for three 
hours, annealed at 600 oC for four hours and air-
quenched 
 
6.4 Results and discussion 
Figure 6.2 shows the X-ray diffraction patterns obtained from TiO2-0%V2O5-
250C4h, TiO2-0%V2O5-600C4h, TiO2-7%V2O5-600C4h and TiO2-18%V2O5-600C4h. 
Only anatase peaks were observed for TiO2-7%V2O5-600C4h, indicating that anatase did 
not transform to  rutile and V2O5 was present only in the amorphous phase. Peaks from 
both V2O5 and rutile appeared in TiO2-18%V2O5-600C4h. Scherrer formula was used to 
measure the particle size of anatase from FWHM measured for peaks at ~ 25o and ~ 48o. 
The calculated values of particle sizes are shown in Table 6.2. The sizes of anatase 
particles were found to increase with addition of V2O5. 
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Figure 6.2: X-ray diffraction patterns from the anatase powder samples, with and without 
V2O5 SAFs, annealed at different temperatures. 
Table 6.2: Particle size of anatase in samples with and without V2O5 SAFs. 
Sample names Average particle size of anatase (nm) 
TiO2-0%V2O5-250C4h 12.28 
TiO2-0%V2O5-600C4h 21.37 
TiO2-7%V2O5-600C4h 30.31 
TiO2-18%V2O5-600C4h 64.94 
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6.4.1 Effect of particle size of anatase on the electrochemical 
properties of the anode 
 
Figure 6.3: Charge-discharge profiles for TiO2-0%V2O5-250C4h and TiO2-0%V2O5-
600C4h  for the first cycle. Charging and discharging rate = C/5. 
  
Figure 6.4: Charge-discharge profiles for TiO2-0%V2O5-250C4h and TiO2-0%V2O5-
600C4h  for the first cycle. Charging and discharging rate = C/5.  
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Figure 6.3 and Figure 6.4 show the charge-discharge curves for the 1st and 15th 
cycles for the TiO2-0%V2O5-250C4h and TiO2-0%V2O5-600C4h samples, charged and 
discharged at a C/5 rate. Although the sample with smaller particle size (~ 12 nm) 
performed better than the sample with slightly larger particles (~ 21 nm) in the first cycle, 
their capacities were almost the same at the C/5-rate after the cells stabilized (Figure 6.5). 
This indicated that the particle size did not affect the charge-discharge capacity at such 
low rates. The high capacity in the first discharge cycle and the reduced capacity in all 
the charge and discharge cycles thereafter in both the samples can be attributed to the loss 
of Li+ ions that were initially inserted, due to a trapping effect, which caused a capacity 
fade [6]. 
 
Figure 6.5: Cycling data for TiO2-0%V2O5-250C4h and TiO2-0%V2O5-600C4h for the 
first 50 cycles charged at the C/5 rate and discharged at different C-rates. 
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Figure 6.5 shows the cycling of TiO2-0%V2O5-250C4h and TiO2-0%V2O5-
600C4h for the first 50 cycles. After every 15 cycles, the discharge rate was increased 
(from C/5 to C and 5C) while maintaining the charge rate at C/5. After 45 cycles, the 
cells were again discharged at C/5 rate for 5 cycles in order to verify if the cell 
performance deteriorated after 30 cycles at higher C-rates. The TiO2 cells took about 10 
cycles to stabilize during which the capacity steadily decreased. After 10 cycles, the cells 
attained stability and the capacity remained constant at a given rate. The smaller particles 
(TiO2-0%V2O5-250C4h) performed same as the larger particles (TiO2-0%V2O5-600C4h) 
at lower C-rates (C/5) but as the C-rates increased (C and 5C), they out-performed the 
larger particles. At the high C-rate of 5C, the capacity of TiO2-0%V2O5-250C4h was 
greater than that of TiO2-0%V2O5-600C4h by about 8%. 
6.4.2 Effects of V2O5 SAFs on anode properties 
  
Figure 6.6: Charge-discharge profiles for TiO2-0%V2O5-600C4h, TiO2-7%V2O5-600C4h  
and TiO2-18%V2O5-600C4h  for the first cycle, charged and discharged at C/5 rate. 
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Figure 6.7: Charge-discharge profiles for TiO2-0%V2O5-600C4h, TiO2-7%V2O5-600C4h  
and TiO2-18%V2O5-600C4h  for the 15th cycle, charged and discharged at C/5 rate. 
 
Figure 6.8: The third charge (dash-dot line) and discharge (solid line) profiles for 
cathodes made of V2O5 microscpheres charged and discharged at C/5 rate [7]. 
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Figure 6.6 and Figure 6.7 respectively show the charge-discharge curves for the 
1st and 15th cycles for the TiO2-0%V2O5-600C4h, TiO2-7%V2O5-600C4h and TiO2-
18%V2O5-600C4h samples, charged and discharged at the C/5 rate. Although TiO2-
7%V2O5-600C4h performed slightly better than TiO2-0%V2O5-600C4h in the first cycle, 
its performance gradually deteriorated and in the 15th cycle the total capacity from the 
uncoated anatase was better than the coated ones. Figure 6.8 shows a typical charge 
discharge curve for an electrode made of V2O5. The discharge curve has plateaus at two 
different voltages, one at ~ 3.3 V and the other at ~ 2.25 V. By comparing the V2O5 
profiles with that of the first charge-discharge profiles in Figure 6.6, it can be concluded 
that the plateau at ~ 2.2 V in the latter is due to the contribution from V2O5 present in the 
samples TiO2-7%V2O5-600C4h and TiO2-18%V2O5-600C4h. This contribution is ~ 7% 
of the total capacity in TiO2-7%V2O5-600C4h, and ~ 20% in TiO2-18%V2O5-600C4h, 
which were consistent with the weight percentages of V2O5 in the samples. Additionally, 
the difference in electrochemical potentials of V2O5 and TiO2 may have negatively 
affected the cell performance. The contribution to capacity from V2O5 gradually reduced 
with increasing cycles and in 15th cycles, the capacity contributed by V2O5 was 
negligible. Li+ intercalation in rutile is more difficult as compared to that in anatase [8] 
and Li+ insertion into rutile is usually reported to be negligible [9]. This suggests that 
anatase to rutile transformation also contributed to the overall poor performance of TiO2-
18%V2O5-600C4h. Previously, it was shown that for about 50 nm particle size of rutile, 
0.23 Li per TiO2 rutile can be inserted in the first cycle from which only 50% is available 
for subsequent cycles [10].  
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Figure 6.9: Cyclability for TiO2-0%V2O5-600C4h, TiO2-7%V2O5-600C4h and TiO2-
18%V2O5-600C4h for the first 50 cycles, charged at C/5 rate and discharged at different 
C-rates. 
 Figure 6.9 shows the cycling of TiO2-0%V2O5-600C4h, TiO2-7%V2O5-600C4h 
and TiO2-18%V2O5-600C4h for the first 50 cycles. After every 15 cycles, the discharge 
rate was increased (from C/5 to C and 5C) while maintaining the charge rate at C/5. After 
45 cycles, the cells were again discharged at C/5 rate for 5 cycles in order to confirm that 
the coating was intact and the cell performance was the same even after performing at 
higher C-rates for 30 cycles. During the initial ten cycles in both TiO2-7%V2O5-600C4h 
and TiO2-18%V2O5-600C4h, a gradual reduction in capacity was observed due to loss in 
capacity from V2O5 in addition to the loss in capacity from anatase due to the trapped Li
+ 
ions. After about ten cycles, the cells attained stability and the capacity remained constant 
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at a given rate. Since amorphous V2O5 is known for easy Li
+ diffusion, the cells with 
V2O5 SAFs were expected to perform better than the uncoated ones at high C-rates. On 
the contrary, the cells with V2O5 SAFs performed poorly, at both low and high C-rates. 
The equilibrium potentials of TiO2 and V2O5 are different. This difference could probably 
create a barrier which results in poor capacity. Li+ diffusion in rutile is highly anisotropic 
with rapid diffusion along the c-axis and slow transport along the ab-plane, resulting in 
trapped Li+ ion pairs in the ab-planes [10]. This explains the negligible capacity in TiO2-
18%V2O5-600C4h at higher rates (C and 5C).  
6.5 Conclusions: 
• The electrochemical properties of TiO2 anatase were found to depend on 
particle size, especially at higher rates. 
• Smaller particles (~ 12 nm) were beneficial at higher rates and retained 
capacities to a greater extent as compared to their larger counterparts (~ 21 
nm).  
• Coating an amorphous film of V2O5 on the surface of anatase deteriorated the 
electrochemical performance of these anodes. This could be due to the 
increased particle size, presence of anatase-vanadia interface and/or presence 
of rutile phase. 
• Performance deteriorated with increase in the thickness of V2O5 SAFs. This 
could have been due to the amorphous structure of vanadia that traps Li+ ions 
and hinders Li+ diffusion through it. 
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• During the first discharge, V2O5 contributed to the total capacity of the anode, 
which did not sustain after the cells attained stability. In the sample in which 
anatase to rutile phase transformation occurred, the capacities were negligible 
at higher C-rates, indicating that Li+ insertion and de-insertion occurred more 
slowly in rutile than in anatase. 
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CHAPTER 7 
SUMMARY 
This study investigated the role of surface oxide and phosphate films, mostly 
disordered, in Li-ion batteries for high power applications. The specific conclusions are 
summarized below. 
LiFe1-2yP1-yO4-δ was synthesized by HEBM and annealed at 600 
oC in argon. The 
fast ion conducting Li4P2O7-like surface phase on LiFePO4 observed by Kang and Ceder 
[1] were successfully demonstrated as SAFs with self-selecting or equilibrium thickness. 
Similar IGFs were also observed. Although, this result did not fully prove that ultrafast 
charging and discharging can be commercially realized, the presence of nanoscale SAFs 
does offer opportunities to tailor LiFePO4 and other battery materials. These SAFs play a 
major role in controlling sintering and coarsening of nanoparticles and may also result in 
increased surface transport rates. Optimizing the thickness, structure and properties of 
these films becomes essential and this can be achieved by varying the processing 
temperature and by using aliovalent dopants.  
As-purchased LiMn2O4 powder (particle size ~ 8 µm) was subjected to HEBM for 
an hour and annealed at 600 oC for 4 hours. About 15% of the capacity was lost due the 
defects introduced during HEBM but more than half of it was recovered after annealing.  
Amorphous films of Li4P2O7 were coated on LiMn2O4 by sol-gel method but the film 
thickness was not uniform on all surfaces. These films deteriorated the electrochemical 
properties of LiMn2O4. A coating Li3PO4 did not seem to improve the electrochemical 
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properties of LiMn2O4 but the deterioration was lesser compared to that of Li4P2O7. A 
strong dependency of the electrochemical properties on the nominal amount of Li3PO4 
was observed with the sample with 3 wt% Li3PO4 performing better than the other coated 
samples. 
TiO2 anatase particles of two different sizes (12 nm and 21 nm) were analyzed for 
their electrochemical properties at varying C-rates. Both samples performed similarly at 
low C-rates but the sample with smaller particles performed better at higher C-rates 
indicating that particle size plays a crucial role in determining the electrochemical 
properties of anatase. V2O5-based SAFs (with varying wt% V2O5) were created on TiO2 
by wet impregnation method [2,3]. The electrochemical properties deteriorated with 
increase in the amount of V2O5. Additionally, in the sample with ~ 18 wt% V2O5, 
presence of crystalline V2O5 and rutile phases were observed, which, further reduced the 
electrochemical properties at higher C-rates. 
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APPENDIX A1 
OFF-STOICHIOMETRY IN LiFePO4 
 
Figure A1-1: Comparison of the powder diffraction patterns of LiFe0.9P0.95O4-δ, 
LiFe0.9P0.95O4-δ, and LiFe0.9P0.95O4-δ synthesized by solid-state method after calcining at 
350 oC for 10 hours and annealing at 600 oC for 10 hours in argon. Weak Li4P2O7-peaks 
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were observed in LiFe0.9P0.95O4-δ and stronger Li4P2O7-peaks were seen in LiFe0.9P0.95O4-
δ. 
 
Figure A1-0.1: Comparison of the powder diffraction patterns of LiFe0.9P0.95O4-δ annealed 
at 600 oC and 800 oC. Both the samples were synthesized by solid-state method and 
calcined at 350 oC for 10 hours in argon. 
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APPENDIX A2 
LITHIUM PYROPHOSPHATE (Li4P2O7) 
 
Figure A2-1: Flow chart of the procedure for the synthesis of Li4P2O7 by sol-gel method. 
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Figure A2-2: X-ray diffraction pattern of Li4P2O7 synthesized by sol-gel method and 
annealed at 600 oC for 10 hours in argon. 
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APPENDIX A3 
LITHIUM IRON OFTHOSILICATE (Li2FeSiO4) 
 
Figure A3-1: Flow chart of the procedure for the synthesis of Li2FeSiO4 without 
(Li2FeSiO4) and with (Li2FeSiO4/C) carbon by HEBM method. 
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Figure A3-2: X-ray diffraction pattern of Li2FeSiO4 crystalline powders synthesized by 
HEBM method, calcined at 350 oC for five hours and annealed at 700 oC for 10 hours in 
argon. 
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Figure A3-3: Charge-discharge profiles (C/20 rate) from the second cycle of Li2FeSiO4 
without (Li2FeSiO4) and with (Li2FeSiO4/C) carbon synthesized by HEBM, calcined at 
350 oC for five hours and annealed at 700 oC for 10 hours in argon. 
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Figure A3-4: Discharge capacities of Li2FeSiO4 without (Li2FeSiO4) and with 
(Li2FeSiO4/C) carbon synthesized by HEBM, calcined at 350 
oC for five hours and 
annealed at 700 oC for 10 hours in argon in argon for the first few cycles. The cells were 
charged and discharged at C/20 rate. 
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APPENDIX A4 
MODEL FOR PREDICTING IGFS IN REGULAR 
SOLUTIONS 
Nomenclature 
Table A4-1: List of symbols used in this work. 
i Components (A or B) 
S, L Phase (solid or liquid) 
QR9RS , QR9RT  Bond energy in solid and liquid states for i 
UV Avagadro number 
W Co-ordination number 
!XRY Surface energy for i 
4 Constant, 4.5 x 108 
Z Molar volume 
∆[RV\4] Atomization energy for i 
!R^ _ Grain boundary energy for i 
`aR Melting temperature of i 
∆bRcdef Entropy of fusion for i 
c Constant 
∆[Rcdef Enthalpy of fusion for i 
gS, gT Interaction parameters 
!XRY9{R} Crystal-liquid interfacial energy for pure i 
!R^ _ Grain boundary energy of i 
!DT Crystal-liquid interfacial energy 
jRS, jRT Atomic fraction of i in solid and liquid phases 
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Defining parameters 
 
Figure A4-2: Schematic of atomic arrangement in solid (a) and liquid (b). Solid-bonds 
(QK9KS ) are shown as (-)  and liquid bonds (QK9KT ) are shown as (=). 
Atomization energy, ∆[KV\4] =	 <klk
m .nV.c
o                               (1) 
Surface energy, !XKY =	 ∆pk
qrst
Ds.uv/x                                         (2) 
Grain boundary energy, !K^ _ =	 yz !XKY9XKY =	
c.nV.<klkm
{Ds.uv/x                    (3) 
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Figure A4-3: Values of 
∆p|}~
∆pqrst , also referred to as ‘c’ in this work plotted for 19 
commonly used metals. As can be seen above, this value is ~0.04 for most metals. 
Enthalpy of fusion, ∆[Kcdef	 =	. ∆[KV\4]                               (4) 
Therefore, bond energy in liquid state, QK9KT = #1 − %QK9KS                 (5) 
0.00
0.10
0.20
0.30
0.40
0.50
0.60
Co Zn Mn Bi Mo W Ni Cr Cu Nb Fe Pd Rh Ta Al Zr Ti Pb Sn
∆


∆


=

Metals
93 
 
 
Figure A4-4: Values of ∆bcdef(in J/mol.K) plotted for 19 commonly used metals. Most 
metals, apart from bismuth have ∆bcdef ~ 10 J/mol.K. 
Melting temperature, ]`K =	 ∆pk
|}~
∆S|}~  = 	
.nV.c.<klkm
o.∆S|}~                         (6) 
Solid-liquid interfacial energy for component A, !XKY9{K} =	 ∆pk
|}~
Dsuv/x =	
.nV.c.<klk~
Dsuv/x   (7) 
Thus, QK9KS = y#y9%QK9KT =
o∆pkqrst
nVc =
{Dsuv/xk
nVc =
otk∆Sk|}~
nVc =
okl{k}Dsuv/x
nVc   (8) 
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Figure A4-5: Schematic of A-B interactions in solid (a) and liquid (b) states. Their 
interaction parameters, gS and gT, can be calculated using the bond energies. 
gS = UV co QK9_S −	
<klkm 	<lm
o                                            (9) 
gT = UV co QK9_T −	
<klk 	<l
o                                          (10) 
Grain boundary energy, !^_ =	jKS!^_K +	j_S!^__                            (11) 
To evaluate the crystal-film interfacial energy (Figure A4-6),	!DT , a 2-dimensional 
lattice consisting of a binary mixture of A and B, A being the primary component and B, 
the dopant, was considered. Further, the following assumptions were made:  
(i) The molar volume of components A and B are the same and equal to V 
m3/mol.  
(ii) The substrate has all solid-like bonds while the film phase has all liquid-
like bonds.  
(iii) The bonds at the interface between the solid phase and the film are of 
liquid-type.  
(iv) The interface is sharp and the film has a uniform composition all-through.  
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Figure A4-6: A schematic showing a thin layer (of height ‘-’) of liquid-like IGF at the 
grain boundary between Grain 1 and Grain 2.  The image on the right shows the atomic 
details at the crystal-liquid interface. In this work, the bonds at the interface are assumed 
to be of “liquid-type”. 
Crystal-liquid interfacial energy, 
!DT = !XKY9{K}jKS + !X_Y9{_}j_S +  #¡k
¡m¡km¡%
Dsuv/x −
 ¡k¡
Dsuv/x −
 m¡km¡m
Dsuv/x +
o.o¢£
Dsuv/x  (12) 
For such an IGF to be formed and remain stable, ∆! = 2!DT −	!^_           (13) 
where, ∆! = 2!DT − !^_ . ∆2cR5]. -                                   (14) 
The thermodynamic tendency for the formation of a stable IGF that exhibits an 
equilibrium thickness, h, can be defined by a variable, 
¥ = max#$X¡Xy%{ 9∆?¡
@
∆^|©ªt?¡@.«
}                                        (15) 
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Example Calculations: 
The model presented above was applied to regular solution systems with A 
(primary component) being a high melting component and B (dopant) varying from high 
melting to low melting. An attempt has been made to mimic binary metallic systems by 
obtaining the interaction parameters from the already existing systems. Table A4-2 shows 
the bond energy values used in this work. A molar volume of 8 x 10-6 m3/mole has been 
considered for all phases. 
Table A4-2: Values of constants and fixed parameters used in this work. 
Constants and fixed parameters Values used 
Gas constant, ¬ 8.314472 J/mole.K 
Avagadro’s number, U 6.022 X 1023 
Proportionaly factor,  0.04 
4 4.5 X 108 
Enthalpy change at fusion, ∆bcdef 10 J/mole.K 
Co-ordination number, W 10 
Molar volume, Z 8 X 10-6 m3/mole 
 
B1, B2, B3, and B4 are the dopants with bond energies in the decreasing order.  
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Table A4-2: Bond energies and melting temperatures for primary components and 
dopants. 
Primary 
compone
nt 
QK9KS  
(eV/bond) 
]`K(K) Dopant 
Q_9_S  
(eV/bond) 
]`_ 
(K) 
QK9_S , QK9_T  
(eV/bond) 
A 1.9068 
3680 
(||| W) 
B1 1.4976 
2890 
(||| Mo) 
QK9_S  = 
1.7064 
QK9_T  = 
1.7027 
A 1.9068 
3680 
(||| W) 
B2 1.1012 
2125 
(||| Zr) 
QK9_S  = 
1.6101 
QK9_T  = 
1.4778 
A 1.9068 
3680 
(||| W) 
B3 0.8944 
1726 
(||| Ni) 
QK9_S  = 
1.5631 
QK9_T  = 
1.3783 
A 1.9068 
3680 
(||| W) 
B4 0.7037 
1358 
(||| Cu) 
QK9_S  = 
1.5788 
QK9_T  = 
1.4354 
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Table A4-4: Atomization enthalpies and melting temperatures for primary components 
and dopants. 
Primary 
Component 
∆[KV\4] 
(kJ/mole) 
]`K 
(K) 
Dopant 
∆[_V\4] 
(kJ/mole) 
]`_ 
(K) 
gS, gT 
(kJ/mole.
K) 
A 920.00 
3680 
(||| W) 
B1 722.50 
2890 
(||| Mo) 
gS = 2.00 
gT = 4.00 
A 920.00 
3680 
(||| W) 
B2 531.25 
2125 
(||| Zr) 
gS = 
51.19 
gT = 
16.41 
A 920.00 
3680 
(||| W) 
B3 431.50 
1726 
(||| Ni) 
gS = 
78.43 
gT = 
16.29 
A 920.00 
3680 
(||| W) 
B4 132.00 
1358 
(||| Cu) 
gS = 
132.00 
gT = 
88.00 
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Figure 1.7: Phase diagram for A-B1 type regular solution. 
 
Figure 1.8: Predicted λ values for A-B1 type regular solution. 
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Figure 1.9: Phase diagram for A-B2 type regular solution. 
 
Figure 1.10: Predicted λ values for A-B2 type regular solution 
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Figure 1.11: Phase diagram for A-B3 type regular solution 
 
 
 
Figure 1.12: Predicted λ values for A-B3 type regular solution 
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Figure 1.13: Phase diagram for A-B4 type regular solution 
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